Fission-fragment mass distributions were measured for 225,227 
Introduction
The mechanism of mass division in fission of atomic nuclei has been an intriguing problem in nuclear physics for several years. Generally, it is observed that asymmetric mass division is predominant in spontaneous fission or low energy induced fission of actinide nuclei [1] whereas nuclei around 208 Pb fission mainly to symmetric mass division [2] . Some nuclei in the region of 228 Ra shows three-humped structure of the mass distribution reflecting contributions from both symmetric and asymmetric mass components [3, 4] . With growing excitation energy of the fissioning nucleus, the asymmetric mass distribution changes to symmetric Gaussian distribution. These characteristics are explained according to the concept of independent fission channels (modes) which corresponds to specific valleys in the potential-energy surface (PES) of the fissioning nucleus [1, 5, 6] . The origin of these valleys has been attributed to shell structures modifying the potential energy landscape of the deformed system [7, 8, 9, 10] . More recent calculation of five-dimensional PES by Möller et al. well predicts the presence of two deformation paths; one path with elongated scission configuration leading to symmetric mass division and the other shell influenced more compact scission configuration leading to asymmetric mass division [11] . Two-mode nature of fission phenomenon has been observed in induced fission of light and heavy actinides [12, 13, 14, 15, 16] . The effects of A, Z and characteristics of final mass division from each fission mode has been studied extensively. The seminal work by Schmidt et al. on the charge distribution of fission fragments(FF) in
Coulomb fission of 70 neutron deficient isotopes (Z = 85-92) suggested that with increasing nucleon number, a transition takes place from the symmetric to the asymmetric fission mode around mass A≈ 226 in this region of nuclei [17] .
The variance of the mass distribution (σ 2 M ) and its dependence on excitation energy have been used as sensitive probe to study the dynamics of fission in heavy ion (HI) induced reactions [18] . Typically mass yields from complete fusion fission are found to be symmetric with its variance changing linearly with temperature. Presence of non-compound process such as quasi-fission(QF) broadens the mass distribution. For example, in reaction induced by 16 O projectile on deformed target 238 U at energies below fusion barrier, sudden increase in σ 2 M have been observed and attributed to the effects of QF [19] . On the contrary, FF mass distribution in the reaction 12 C + 235 U showed substantial massasymmetric component with increasing yields at low excitation energies which was attributed to shell effects [20] . Though theoretically QF has been predicted in reactions with Z p Z T (projectile target charge product) ≥1600, recent measurement showed evidence of QF even in less fissile systems with Z p Z T < 800 [19, 21, 22] . It is possible that the increased mass variance σ 2 M at lower energies observed in some actinide nuclei could also be due to the asymmetric fission components manifesting at low excitation energies. Hence, it is important to distinguish the contribution of QF and asymmetric fission events in the mass distribution of fragments in heavy ion induced reactions.
In this letter, we report on experimental measurements of mass distribution of FF from reactions 19 follows the predictions of standard normal fusion-fission dynamics within the range of measured energies. As these two nuclei differ only by two neutrons and fall on either side of the transition mass limit A CN =226, the two reactions can determine if the neutron number make any observable differences on the width of their mass distributions that might be expected due to different fission modes existing in this mass region.
Experimental setup
The experiment was carried out using 
Experimental results
The fission fragments were separated from the elastic and quasi-elastic particles by time-of-flight and energy-loss signals in the MWPC. The data analysis has been performed following the velocity-reconstruction method given by [25] . and U were taken from [29, 23, 30] . All these reactions used spherical targets and were studied at energies similar to present measurement, i.e., below barrier to just above barrier energies. Table 1 shows the common reaction parameters for these systems. All of them have similar mass-asymmetry (mass-asymmetry lying below Businaro-Gallone point (α bg ) [31] ), low Z P Z T and slightly varying fissility (χ) [32] . These reactions are expected to follow similar dynamics. As expected, all these systems show similar properties of fragment mass and angular distributions with respect to excitation energy. For all the reactions, as the CN excitation energy is decreased, the σ 2 M values decreases monotonically, but shows sudden increase at lower excitation energies as shown in Fig.4(a-c) . From angular-distribution data, the angular anisotropy for all reactions (Fig.4(d-e)) showed good agreement between experimental data and the predictions of transient statistical model (TSM) [33] suggesting that the fission events followed from equilibrated compound nucleus in all these systems. 
DISCUSSIONS
The two reactions, 19 showed that the reaction follows complete fusion-fission [23] . Moreover, the theoretical work based on di-nuclear-system calculations performed by Nasirov et al.
also indicated that fusion-fission reaction dominates in the reaction 19 F+ 208 Pb around barrier energies [35] . Their theoretical results on the excitation function of the complete fusion and the angular anisotropy agreed well with the existing experimental data. The absence of any mass-angle correlation in our measurement and comparatively low Z P Z T value of the system also suggests that contribution of QF is negligible in the present reactions.
The smooth variation of σ 2 M with respect to excitation energy is the expected property of fission from complete fusion. Within the framework of liquid drop model, mass variance increases with excitation energy because of the temperature and angular momentum [18] . Considering all of the fission events are due to complete fusion, the sudden increase in σ were observed below the barrier energies [26, 27] . Presence of four fission modes were realized in the fission of 226 Th at 26 MeV of excitation energy [27] . It was observed that a tin cluster with heavy fragment of mass A∼ 140 and light fragment close to spherical neutron shell with N ∼50 appear to be the stabilizing factor in the asymmetric fission mode [27, 37] . In a similar reaction 19 F+ 209 Bi, mass distribution of 228 U also showed rapid increase of mass variance below the barrier energies [28] . In all these cases, the broader mass distributions at below-barrier energies were attributed to the contribution of asymmetric mass division manifested at lower excitation energies. The role of mass-asymmetric fission mode attributed to shell effects is clearly visible in all these reactions.
Present work also shows similar results suggesting the contribution of asymmetric fission components in the fission of 225,227 Pa nuclei yielding to enhanced mass variance below-barrier energies. Fusion barrier for these systems corresponds to initial excitation energy of ∼ 35 MeV. The observed broad mass widths below-barrier energies suggest that the shell effects persistent at low excitation energy(< 35 MeV) could influence the fission mode leading to increased contribution of asymmetric fission events.
It should be noted that a significant fraction of the initial excitation energy is carried away by pre-fission particles so that the effective excitation energy at scission point is low [38] . In the studied systems, due to pre-fission neutrons, nuclei lighter than 225 Pa may also be involved in fission process and for them the contribution of the asymmetric mode is smaller in low energy fission [26, 27] .
Earlier experimental results suggested that the transition from symmetric to asymmetric fission occur around A CN =226 for excitation energy close to fission barrier [17] . From our measurements, identical results from both reactions suggest that asymmetric components exist in both The presence of mass asymmetry in low energy fission has been verified by multi-dimensional PES calculation of the fissioning system. In Fig. 5 [39, 40, 41] . The macroscopic energy is calculated within the framework of finite-range liquid-drop model (LDM) and the shell correction is applied based on the well known two-center shell model(TCSM) as proposed in [43, 42] . The calculation of potential-energy landscape was performed in four-dimensional deformation space (R, η, δ, )
where R is the distance between the center-of-mass points of two fragments,
m2+m1 the mass-asymmetry parameter, δ the unified dynamical deformation [44] and the neck parameter. The recommended value of =0.35 was used such that the PES is minimal along the fission path [45] . The adiabatic potential energies were calculated at the zero temperature (T=0) using the NRV code [43] . 
Conclusion
In conclusion, we have studied the multi-mode fission in light actinide nuclei via dependence of mass variance on excitation energy of the fissioning nu-cleus. We observed that variance of the mass distribution increases at lower excitation energies where shell effects responsible for multi-mode fission become dominant. As the excitation energy is increased, a transition from multi-mode fission to liquid-drop fission is observed. From the systematic analysis of σ 2 M in light actinide nuclei, it is suggested that, for fission induced by projectiles with mass A p < 20 on spherical targets and Z P Z T (< 800), the manifestation of asymmetric fission could broaden the mass distribution in these systems at low excitation energies. Contribution from QF is found to be negligibly small for these systems. In the present experiment, identical results for systems 19 190 Hg [46, 47] . The dynamics and the parameters that govern the rate of shell damping as a function of reaction and excitation energy are still not fully understood [48, 49] . More experiments in fission of neutron deficient transitional nuclei may offer important clues for better understanding of the complex fission process and its multi-modal nature.
